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MCuCo40  (CuCo-Ce02, 40  at.%  metal  load,  1  / 1  Cu-Co  atomic  ratio),  synthesised  by  inverse  microemulsion 
method,  was  evaluated  as  the  anode  for  SOFC  at  intermediate  temperature.  This  material  presents  optimal 
physicochemical  and  electrical  characteristics  as  well  as  excellent  thermal  and  chemical  compatibility 
with  8YSZ  electrolyte.  The  evaluation  of  single-cell  performance,  with  8YSZ  electrolyte  and  LSM  cathode 
and  this  anode  material,  operating  in  H2  and  methane  fuels,  in  comparison  with  a  similar  single-cell  using 
Cu-ceria-based  anode  allows  to  conclude  that  the  substitution  of  copper  (20  at.%)  by  cobalt  in  the  anode 
composition  enhances  the  single  cell  performance  as  well  as  reduces  the  carbon  deposit  formation  on 
the  anode  after  running  on  hydrocarbon  fuels  (methane). 

©  2010  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Direct  utilisation  of  hydrocarbons  in  fuel  cell  systems,  with¬ 
out  first  reforming  those  fuels  to  syngas,  could  provide  significant 
advantages  [1].  Theoretically,  direct  utilisation  is  possible  in  solid 
oxide  fuel  cells  (SOFCs)  but  it  is  usually  not  possible  in  the  absence 
of  added  steam  because  Ni,  the  most  commonly  used  material  in 
SOFC  anodes,  catalyses  the  formation  of  carbon  deposits  [2]. 

Different  strategies  have  been  proposed  to  avoid  the  deacti¬ 
vation  for  carbon  deposition,  for  instance  by  replacing  Ni  with 
electronic  conductors  that  no  catalyse  carbon  formation,  such  as 
copper  [3]  or  conducting  oxides  [4].  Unfortunately,  it  is  difficult  to 
achieve  sufficient  conductivity  with  oxides  under  reducing  condi¬ 
tions  of  the  anode.  Cu-ceria  based  anodes  have  allowed  to  achieve 
reasonable  power  densities  working  on  hydrocarbons  however, 
they  are  limited  to  relative  low  operation  temperatures  (<800  °C), 
because  their  tendency  to  sinter  together  with  the  low  catalytic 
activity  of  copper  for  C-FI  scission  [5].  A  possible  solution  to  these 
problems  involves  the  use  of  anodes  based  on  metal  alloys  or 
bimetallic  systems  [6].  The  evaluation  of  Cu-Ni  alloys  demon¬ 
strated  that  carbon  formation  was  strongly  suppressed  compared 
to  nickel  anodes  [7]  but  their  stability  were  limited  in  the  presence 
of  hydrocarbon. 
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Ni  and  Co  have  similar  catalytic  properties  for  hydrocarbon  reac¬ 
tions;  but  the  Cu-Ni  and  Cu-Co  systems  provide  an  interesting 
contrast  in  that  Cu  and  Ni  are  completely  miscible  while  Cu  and 
Co  are  not,  being  of  great  interest  for  SOFC  anode  development  [8]. 

In  a  previous  work  [9],  a  Cu-doped  ceria  anode  (MCu40, 40  at.% 
Cu)  was  evaluated  as  anode  of  a  single  cell,  with  8YSZ  electrolyte. 
This  anode  material  showed  the  ability  to  operate  with  methane 
(80:20  CH4/H2 )  at  relative  low  temperature  (750  °C).  Unfortunately, 
the  formation  of  carbon  deposits  entailed  a  continuous  and  rapid 
lost  of  cell  performance  running  in  pure  methane.  In  this  context, 
the  present  work  is  focused  on  preparation  and  single  cell  eval¬ 
uation  of  bimetallic  Cu-Co-ceria,  named  hereafter  MCuCo40.  The 
comparative  study  of  both  materials  bimetallic  Cu-Co  (MCuCo40) 
and  monometallic  (MCu40)  will  allow  us  to  evaluate  the  effect  of 
the  partial  substitution  (20  at.%)  of  copper  for  cobalt  in  the  anode 
composition  on  the  final  cell  performance  running  with  hydrogen 
and/or  methane  as  fuels. 

2.  Experimental 

2.1.  Synthesis  and  characterisation  of  anode  material 

Materials  combining  Cu  and  Cu-Co  with  Ce02  (MCu40  and 
MCuCo40,  respectively),  with  total  metal  loading  of  40wt.%  (1/1 
atomic  ratio  for  bimetallic  Cu-Co  system),  were  prepared  by  copre¬ 
cipitation  within  reverse  microemulsions;  details  of  the  method 
can  be  found  elsewhere  [  1 0].  The  resulting  material  is  then  calcined 
under  air  at  750 °C  during  2h,  employing  relatively  slow  heating 
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ramp  of  1  °C  min-1 .  The  physicochemical  as  well  as  electrochemical 
characterisation  as  anode  in  a  single  cell  of  the  reference  material 
MCu40  has  been  previously  reported  [9]. 

XRD  patterns  was  recorded  at  room  temperature  using  a 
step  scan  procedure  {0.04°  120  step,  time  per  step  2  s)  in  the  20 
range  20-80°  on  a  Seifert  diffractometer  equipped  with  a  crystal 
monochromator  employing  Cu  Ka  radiation  (X  =  1.5418  A). 

Chemical  compatibility  tests  were  carried  out  to  assess  the  inter¬ 
action  between  anode  and  electrolyte  (8YSZ,  Pi-Kem)  materials. 
Equal  amount  of  MCuCo40  and  electrolyte  were  thoroughly  ground 
in  an  agate  mortar  and  put  into  a  quartz  reactor.  The  mixture  was 
fired  in  pure  hydrogen  for  50  h  at  750  °C.  After  completion,  XRD 
partners  were  recorded  following  the  same  conditions  described 
above. 

Thermal  expansion  coefficients  (TEC)  were  measured  on  an 
alumina  dilatometer  Linseis  L75/1550,  from  room  temperature  to 
750 °C,  with  a  heating  rate  of  5°Cmin-1  and  a  2h  dwell  time  at 
maximum  temperature,  under  air  and  reducing  atmosphere  (10% 
H2/N2).  Previous  to  these  measurements,  sample  was  cold  pressed 
into  pellets  and  then  calcined  for  2  h  to  750  °C. 

Electrical  conductivity  was  measured  under  reducing  atmo¬ 
sphere  (10%  H2/N2)  as  a  function  of  temperature  (500-750  °C)  by 
the  conventional  DC  four- terminal  method  with  a  multimeter  (Agi¬ 
lent  34401  A)  and  a  dual  output  DC  power  supply  (Solartron  1286). 
For  this  purpose  sample  was  cold  pressed  (2  ton  cm-2)  into  rect¬ 
angular  bars  (20  mm  x  6  mm  x  2  mm)  and  sintered  in  air  at  750  °C 
for  2  h.  Gold  paste  was  used  in  order  to  facilitate  good  electrical 
contact. 

Catalytic  activity  measurements  for  oxidation  of  methane  were 
performed  in  a  tubular  quartz  reactor  operating  at  atmospheric 
pressure  using  0.5  g  of  catalysts  (0.25-0.42  mesh)  packed  on  a  bed 
of  quartz  wool  and  employing  20  ml  min-1  of  5%  E^/Ar.  Heating 
ramps  of  2  °Cmin-1  up  to  750  °C,  maintaining  finally  this  temper¬ 
ature  for  2  h  under  the  reactant  mixture,  were  used.  Meanwhile, 
this  activation  process  has  to  match  the  working  conditions  under 
which  the  material  works  in  the  electrochemical  cell.  After  reduc¬ 
tion,  the  samples  were  cooled  down  to  400  °C  and  a  reactant 
mixture  of  CH4  and  02  was  introduced  into  the  reactor  with  an  inert 
( Ar)  to  maintain  a  constant  reactor  flow  rate.  The  activity  was  moni¬ 
tored  at  temperatures  from  400  °C  to  750  °C.  The  react  composition 
included  25%  CH4  and  5%  02  balance  with  Ar.  Reactants  and  prod¬ 
ucts  were  analysed  on-line  by  a  gas  chromatograph  equipped  with 
a  TCD.  TPO  experiments  were  carried  out  using  a  Mettler  Toledo 
TGA/SDTA  851  e  thermo-balance  by  introducing  10%  O2  in  Ar  with 
a  flow  rate  of  25  ml  min-1.  The  temperature  was  increased  from 
room  temperature  to  1 000  °C  at  rate  of  1 0  °C  min-1 . 


2.2.  Single  cell  fabrication  and  test 

The  single  cell  was  1.1cm  diameter  and  contained  a  dense 
8YSZ  electrolyte  layer  (0.23  p,m  thick)  attached  to  a  porous  8YSZ 
layer  (^100  p,m  thick),  prepared  by  tape  casting  method  using 
PMMA  as  pore  former  and  then  annealing  in  air  at  1400  °C  for 
2h.  A  lanthanum  strontium  manganite  (LSM,  NextEnergy)  layer 
was  deposited  onto  the  exposed  surface  of  dense  electrolyte  to 
form  the  cathode.  The  anode  catalyst  ink  was  prepared  by  mixing 
MCuCo40  powders  and  the  desired  amount  of  binder  (Decoflux- 
DW41 ),  applied  onto  the  YSZ  porous  layer  by  screen-printing 
method  and  then  calcined  at  750  °C.  Platinum  and  gold,  pastes 
and  wires,  were  used  as  current  collector  for  cathode  and  anode 
respectively.  Finally,  cell  was  attached  to  an  alumina  tube  with  a 
ceramic  seal  (Aremco,  Ceramabond  552)  and  placed  into  a  furnace. 
The  single  cell  active  area  was  0.38  cm2. 

For  comparison,  a  single  cell  with  the  same  active  area,  elec¬ 
trolyte  (0.25  mm  thick)  and  cathode  but  using  reference  material 


MCu40  as  anode  (Cu-Ce02,  40at.%  Cu)  was  also  fabricated  in  the 
same  way.  Results  of  this  single  cell  evaluation  as  well  as  additional 
details  of  preparation  method  have  been  reported  in  our  previous 
work  [9]. 

Humidified  hydrogen  and  or  methane  were  supplied  to  the 
anode  as  fuel  at  a  flow  rate  of  50  ml  min-1  after  passing  through 
a  saturator  at  room  temperature  to  adjust  the  gas  humidity  at  3% 
H20.  Cathode  was  open  to  air.  Long  periods  of  time  were  used  for 
methane  cell  exposures  (l-4h)  and  at  least  1  h  for  recovering  in 
order  to  reach  a  steady  power  output. 

For  start-up  and  cell  stabilisation,  operating  temperature 
(750  °C)  was  achieved  at  the  rate  of  1  °Cmin-1  under  humidified 
hydrogen.  Anode  was  reduced  in  situ  for  24  h.  For  stabilisation,  cell 
was  operating  in  galvanostatic  mode  at  the  selected  operating  tem¬ 
perature  and  gas  conditions  for  at  least  24  h  at  a  current  density  of 
105  mAcm-2. 

Cell  performance  was  evaluated  under  galvanostatic  control 
at  the  relative  low  operating  temperature  of  750  °C.  Voltage  as 
function  of  time  and  fuel  composition,  at  constant  current  den¬ 
sity,  was  measured  for  evaluating  the  endurance  of  the  single  cell. 
Electrochemical  characterisation  including  current-voltage  (/-V) 
curves,  current-power  (J-P)  curves,  runtime-power  curve  (t-P) 
and  impedance  measurements  were  conducted  using  an  Autolab 
system  (PGSTAT30  and  FRA2  module,  Eco  Chemie).  The  impedance 
of  the  cell  was  recorded  at  open  circuit  in  galvanostatic  mode  over 
the  frequency  range  from  1  MHz  to  0.01  Hz  and  excitation  signal  of 
5  mA. 

Microstructure  and  morphology  of  the  single  cell  and  its  com¬ 
ponents  after  operation  were  analysed  by  a  scanning  electron 
microscopy  (SEM,  Hitachi  S-2500),  equipped  with  an  X-ray  analyzer 
for  energy  dispersive  X-ray  spectroscopy  (EDX). 


3.  Results  and  discussion 

3.1.  Anode  material  characterisation 

MCuCo40  was  prepared  by  coprecipitation  within  reverse 
microemulsion  with  a  total  metal  loading  of  40at.%  (1/1  Cu-Co 
atomic  ratio).  As  reference  material,  the  basic  configuration  copper- 
ceria  (MCu40,  Cu-Ce02,  40at.%  Cu)  was  prepared  following  the 
same  method.  The  XRD  pattern  for  MCuCo40  in  its  initial  calcined 
state  reveals  that  sample  is  mainly  constitutes  by  the  fluorite  phase 
of  the  mixed  oxide  CuxCoyCei_x_y02_5  and  additional  crystalline 
phases  of  metallic  oxides  CuO  and  Co304  (Fig.  1 ).  Note  that  for  the 
monometallic  reference  material  MCu40  [9],  fluorite  phase  of  the 
mixed  oxide  CuxCei_x02_s  coexists  with  that  for  metal  oxide  in  its 
highest  oxidation  state  (CuO,  tenorite).  For  cobalt,  it  is  well  known 
that  there  are  two  stable  oxides  CoO  and  Co304  but  CoO  is  ther¬ 
modynamically  stable  at  temperatures  of  900  °C,  whereas  Co304  is 
formed  at  lower  temperatures  [11  ]. 

In  a  previous  work  of  our  group  [10],  it  was  demonstrated  that 
doping  of  ceria  with  Cu  induces  changes  in  the  lattice  parameter. 
Taking  into  account  the  ionic  radius  of  Cu2+  (0.73  A)  and  that  of 
Ce4+  (0.97  A)  a  large  decrease  in  the  lattice  parameter  should  be 
expected  with  the  increase  in  Cu2+  ions  substitution  in  the  fluorite 
structure.  But,  simultaneously  an  increase  in  the  oxygen  vacancy  is 
promoted  for  the  substitution  of  Ce4+  with  Cu2+  ions,  therefore,  a 
moderate  decrease  in  the  lattice  parameter  a  is  observed.  In  the  case 
of  bimetallic  sample  MCuCo40  (a  =  5.433  A),  in  comparison  with 
monometallic  MCu40  (a  =  5.422  A),  the  substitution  of  20at.%  Cu 
for  cobalt  in  the  anode  composition  induces  a  discrete  increase  in 
the  lattice  parameter  consistent  with  the  slightly  higher  ionic  radii 
and  the  same  charge  of  these  two  ions  (Cu2+  =  0.73  A,  Co2+  =  0.74  A). 

Under  working  anode  conditions,  high  temperature  and  reduc¬ 
ing  atmosphere,  full  reduction  of  metal  oxides  to  the  corresponding 
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Fig.  1.  XRD  patterns  for  8YSZ,  MCuCo40  in  its  initial  calcined  state  and  chemical 
compatibility  test  between  MCuCo40  and  8YSZ  (Y-MCuCo40). 


metallic  states  is  detected;  Cu°,  together  with  Co0  for  bimetallic 
sample,  coexists  with  the  mixed  oxide  in  both  materials  MCuCo40 
and  MCu40. 

One  characteristic  that  determines  the  validity  for  using  an 
anode  material  in  SOFC  is  the  chemical  compatibility  between 
electrode  and  electrolyte;  it  is  a  prerequisite  to  any  further 
cell  testing.  Indeed,  the  formation  of  reaction  products  at  the 
electrode/electrolyte  interface  could  be  detrimental  to  the  cell 
efficiency.  The  cationic  inter-diffusion  has  to  be  limited  in  order 
to  prevent  the  degradation  of  electrode  and  electrolyte  materi¬ 
als  properties.  In  this  sense,  reactivity  studies  were  carried  out  to 
assess  the  interaction  between  the  anodic  formulation  MCuCo40 
and  8YSZ  electrolyte.  XRD  pattern  for  the  electrode-electrolyte 
mixture  after  lengthy  reducing  treatment  (Y-MCuCo40)  is  pre¬ 
sented  for  their  comparison  in  Fig.  1,  together  with  pattern 
for  MCuCo40  in  its  initial  calcined  state  and  8YSZ  electrolyte. 
Results  clearly  allow  to  dismiss  any  chemical  reaction  between 
electrode  and  electrolyte  materials,  no  new  phases  or  changes 
are  observed,  only  diffraction  peaks  for  both  cubic  phases  of 
cerium-doped  oxide  (CuxCoyCei_x_y02_5)  and  yttria  stabilised 
zirconia  (8YSZ).  The  unique  noticeable  change  was  the  total  reduc¬ 
tion  of  copper  and  cobalt  oxides  present  on  the  surface  before 
beginning  this  treatment,  which  separately  coexist  without  alloy 
formation. 

As  important  as  a  good  electrode-electrolyte  thermal  compati¬ 
bility  the  thermal  expansion  coefficient  (TEC),  this  must  be  similar 
to  the  electrolyte  in  order  to  prevent  the  cell  degradation  in  the 
heat-cool  processes.  MCuCo40  has  shown  a  lineal  thermal  expan¬ 
sion  behaviour  in  air,  from  200  °C  to  750  °C,  with  a  calculated  value 
for  TEC  of  9.5  x  1 0-6  K-1 .  However,  it  became  steeper  under  reduc¬ 
ing  atmosphere  (10%  H2/N2),  the  slope  of  the  thermal  expansion 
curve  increased  significantly  at  about  550  °C  as  a  result  of  the  loss 
of  lattice  oxygen  and  the  formation  of  oxygen  vacancies  under 
measuring  conditions  [12].  TEC  value  calculated  from  200 °C  to 
550  °C  under  hydrogen  was  12.3  x  10-6I<-1.  A  similar  behaviour 
was  observed  with  MCu40  sample  [9];  TEC  values  for  both  samples 
are  in  good  agreement  with  those  for  SOFC  electrolytes  and  thus, 
it  can  be  concluded  that  they  present  a  good  thermal  compatibility 
with  the  8YSZ  electrolyte. 

The  electrical  conductivity  of  sintered  samples  was  measured 
as  function  of  temperature  (500-750  °C)  in  the  presence  of  10% 
H2/N2,  by  the  conventional  DC  four-probe  method.  Fig.  2  shows 
the  corresponding  Arrhenius  plots  for  the  samples  that  have  been 
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Fig.  2.  Electrical  conductivity  for  MCuCo40  (square)  and  reference  material  MCu40 
(circle)  as  function  of  temperature. 


studied.  The  relationships  in  this  figure  were  approximately  linear, 
and  no  breakpoint  exists.  Electrical  conductivity  slightly  increases 
with  the  cobalt  presence  from  0.61  S  cm-1  to  0.85  S  cm-1  for  MCu40 
and  MCuCo40  at  750  °C  and  p02  =  1 0-23  atm,  respectively.  It  should 
be  due  to  the  extrinsic  defects  created  by  substitution  of  metal 
ions  for  cerium  ions  in  Ce02.  The  slopes  of  the  lines,  that  rep¬ 
resent  the  activation  energies  for  the  total  conductivity,  presents 
differences  (0.78  eV  and  1 .04  eV  for  both  samples,  respectively)  and 
suggest  that  the  mechanism  of  conduction  is  altered  by  the  ion 
cobalt  into  the  fluorite  structure  of  Ce02,  due  probably  a  transition 
from  conductivity  regimes.  With  the  aim  of  elucidating  the  electri¬ 
cal  conduction  mechanism  experiments  as  function  of  the  oxygen 
partial  pressure  are  ongoing. 


3.2.  Catalytic  activity  measurements 

In  order  to  assess  the  chemical  processes  taking  place  at  the 
anode  surface  of  both  single  cells,  the  catalytic  properties  of 
MCuCo40  and  MCu40  samples  for  direct  oxidation  of  methane  has 
been  evaluated.  Blank  test  carried  out  in  the  blank  reactor,  filled 
only  by  SiC  to  avoid  hot  spots,  under  the  same  experimental  con¬ 
ditions,  showed  that  conversion  was  less  than  0.1%  in  all  cases. 

The  results  of  testing  of  materials  MCuCo40  and  MCu40  refer¬ 
ence  material  are  given  in  Fig.  3.  Hydrogen  selectivity  in  percent 
was  calculated  based  in  the  relation  of  moles  of  hydrogen  and 
water  produced  [(nH2/(nH2  +nH20))  x  100].  A  process  of  methane 
oxidation  on  both  samples  took  place  similarity  depending  on  tem¬ 
perature.  Firstly,  the  reaction  started  at  500  °C,  where  methane  did 
not  react  with  oxygen  at  all,  and  showed  that  a  fairly  low  hydro¬ 
gen  concentration  started  at  650  °C.  Both  samples  exhibited  similar 
activity  at  low  temperature,  while  the  conversion  increase  around 
10%  with  the  presence  of  cobalt  in  the  sample  composition  at  high 
temperature;  however  differences  in  the  selectivity  to  H2  was  quite 
similar,  only  a  small  difference  was  observed,  reached  around  40% 
at  750  °C,  although  the  conversion  did  not  overcame  10%  in  any 
case. 

Behind  cooling  the  reactor  in  inert  flow  and  post  analysis  test, 
MCu40  showed  carbon  deposition  neighbourhood  of  the  catalytic 
bed,  suggested  that  methane  conversion  proceeds  also  via  combus¬ 
tion,  however  the  catalyst  of  MCuCo40  displayed,  at  a  glance,  few 
carbon  build-up  was  observed.  It  should  be  noted  that,  in  order  to 
determine  whether  the  observed  deactivation  is  due  to  the  carbon 
formation,  the  post-reaction  temperature  programmed  oxidation 
(TPO)  experiments  were  carried  out. 
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Fig.  3.  CH4  conversion  and  H2  and  CO  selectivity  as  a  function  of  temperature. 
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Fig.  4,  corresponding  to  MCu40  TPO  results,  shows  clearly  dif¬ 
ferent  four  peaks  of  C02  (m/z  =  44)  formed  a  shoulder  at  450  °C 
and  a  similar  double-peak  at  550  °C  and  600  °C,  related  to  differ¬ 
ent  carbon  species.  Some  authors  attributed  the  high-temperature 
peaks  (higher  than  600  °C)  to  refractory  or  inert  coke,  whereas  a 
more  reactive  coke  (lower  than  600  °C)  is  probably  associated  with 
amorphous  carbonaceous  deposits.  The  shift  of  the  C02  peak  to  the 
higher  temperature,  (~650  °C)  was  regarded  to  be  inactive  and  thus 
responsible  for  the  deactivation,  also  indicates  the  increasing  diffi¬ 
culty  in  eliminating  such  deposited  carbon,  while  the  carbonaceous 
species,  do  not  have  a  negative  effect,  and  would  be  considered 
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Fig.  5.  Global  cell  performance  of  MCuCo40/8YSZ/LSM  single  cell  as  function  of  cur¬ 
rent  density  and  fuel  composition.  Methane  exposure:  80:20  CH4/H2  (solid  green 
bars);  100%  CH4  (solid  grey  bars).  (For  interpretation  of  the  references  to  color  in 
this  figure  legend,  the  reader  is  referred  to  the  web  version  of  the  article.) 


reversibly  converted  to  CO  by  C02  oxidation  [13].  The  TPO  analysis 
of  MCuCo40  gave  evidences  of  lower  level  formation  of  carbona¬ 
ceous  species. 

3.3.  Cell  performance 

The  performance  of  the  single  cell,  prepared  with  reference 
anode  material  having  only  Cu  as  the  metal  (MCu40/8YSZ/LSM 
single  cell)  and  using  H2,  CH4  and  mixtures  H2/CH4  as  fuels,  was 
discussed  in  a  previous  work  [9].  The  main  characterisation  results 
are  included  in  Table  1 ,  single  cell  ( 1 )  together  with  those  for  single 
cell  with  bimetallic  anode  MCuCo40/8YSZ/LSM,  single  cell  (2),  for 
their  comparison. 

Following  the  same  methodology  for  preparation  and  evalua¬ 
tion  MCuCo40/8YSZ/LSM  single  cell  (2)  was  prepared.  This  new 
single  cell  was  operating  at  750  °C  for  1450  h  under  H2  and/or  CH4, 
with  a  total  of  1402  h  under  current  demand  conditions.  During 
this  period,  cell  was  under  methane  exposure  for  39  h.  Stable  per¬ 
formance  was  observed  during  total  process.  Current  demand  was 
fixed  to  operate  the  cell  under  maximum  power  density  condition. 
The  global  cell  performance  as  function  of  current  demand  and  fuel 
composition  is  shown  in  Fig.  5.  Methane  exposure  sequences  in  the 
anodic  feeding  are  shown  as  green  solid  bars  (80:20  CFI4/H2)  and 
grey  bars  (100%  CH4). 

Prior  to  fuel-cell  testing  and  after  achieving  the  operation  tem¬ 
perature  of  750  °C,  MCuCo40/8YSZ/LSM  single  cell  (2)  was  polarised 
in  humidified  hydrogen  (3%  FI20,  gas  flow  =  25  ml  min-1),  for  sev¬ 
eral  hours  (70  h)  at  1 05  mA  cm-2  in  order  to  activate  the  electrodes. 
During  this  period  voltage  increased  from  453  mV  to  731  mV  (Fig.  5, 
runtime  between  20  and  90  h).  Voltage  and  power  versus  current 
(/-V  and  l-P )  curves  for  electrode  activation  process  are  presented 
in  Fig.  6.  Maximum  power  density  undergoes  a  significant  increase 
from  31  mWcm-2  to  88mWcm-2  (Fig.  6a  and  b)  with  the  elec¬ 
trode  activation  in  humidified  hydrogen.  After  that,  anode  gas  flow 
(H2  +  3%  H20)  was  adjusted  to  achieve  the  highest  cell  performance, 
varying  between  25  to  60  ml  min-1 .  It  was  fixed  at  50  ml  min-1  for 
the  study,  maximum  power  density  93mWcm-2  (Fig.  6d),  since 
higher  gas  flow  does  not  entail  significant  improvement  of  cell 
performance. 

After  electrode  activation,  gas  flow  adjustment  and  evaluation 
of  single  cell  (2)  in  humidified  hydrogen  (maximum  power  den¬ 
sity  =  93  mW cm-2),  methane  was  included  in  the  anode  feed.  A 
CFI4/H2  (80:20)  mixture  and  pure  methane  were  used  as  fuels. 
The  anode  had  initially  been  exposed  to  CH4/H2  (80:20)  for  1  h 
and  the  cell  exhibited  a  power  density  of  only  52  mWcm-2.  After 
operating  the  cell  in  CH4/H2  mixture,  the  feed  was  switched  to  FI2 
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Table  1 

Main  characterisation  results  for  evaluated  single  cells:  (1)  MCu40/8YSZ/LSM;  (2)  MCuCo40/8YSZ/LSM. 


Single  cell 

Anode 

Fuel  composition 

Cell  resistances  (£2  cm2) 

W  (mAcrn-2) 

Pmax  (mW cm-2) 

Rt 

RP 

Ro 

(/) 

MCu40  [9] 

h2 

3.81 

2.11 

1.70 

234 

64 

CH4/H2  80:20 

4.68 

2.83 

1.85 

161 

45 

(2) 

MCuCo40 

h2 

2.79 

1.70 

1.09 

361 

103 

CH4/H2  80:20 

3.72 

2.54 

1.18 

188 

67 

Active  area:  0.39  cm2.  Electrolyte  thickness  (mm):  0.25  ( 1 ),  0.23  (2). 

Total  cell  resistance  ( Rt );  ohmic  resistance  ( R0 );  polarisation  resistance  ( Rp ). 


and  the  power  density  increased  to  97mWcm-2,  slightly  higher 
value  than  that  observed  prior  to  exposing  the  anode  to  methane, 
remaining  stable  until  the  following  change  in  the  fuel  composition 
(more  than  12  h).  Considering  this  enhancement  of  cell  perfor¬ 
mance  after  methane  exposure  MCuCo40/8YSZ/LSM  single  cell  (2) 
was  subjected  to  three  consecutive  methane  exposure  (CH4/H2 
80:20)  cycles,  during  longer  time  periods,  1  h,  4  h  and  3  h  for  2nd  to 
4th  cycle,  respectively  followed  by  hydrogen  feeding.  I-V  and  I-P 
curves  were  recorded  before  and  after  changes  in  the  fuel  composi¬ 
tion.  Fig.  7  comparatively  shows  the  cell  voltage  and  power  density 
as  a  function  of  current  density  and  fuel  composition,  the  curves 
will  be  denoted  hereafter  as  cycle  number-H  and  cycle  number-C 
depending  on  whether  the  fuel  is  H2  or  CH4/H2  (80:20),  respec¬ 
tively. 

In  general,  the  performance  curves  and  maximum  power  den¬ 
sity  when  hydrogen  was  partially  replaced  for  methane  (80%  v/v) 
entailed  a  significant  decrease,  see  Fig.  7  (lst-C  to  4th-C  plots). 
The  poorer  performance  for  methane  compared  with  FI2  probably 
results  from  catalytic  limitations  [14].  As  it  has  been  mentioned 
above,  after  the  first  methane  exposure  maximum  current  den¬ 
sity  operating  with  hydrogen  increased  from  93  mWcm-2  (Fig.  7, 
1  st-H)  to  97mWcm-2  (Fig.  7,  2nd-FI).  Furthermore,  single  cell 
performance  gradually  improved  after  each  cycle  (Fig.  7);  maxi¬ 
mum  power  densities  of  67  mW  cm  2  and  1 03  mW  cm  2  as  well 
as  maximum  current  densities  (cell  voltage  =  0V)  of  188  mA  cm-2 
and  361mA cm-2  were  achieved  running  with  CH4/H2  (80:20) 
mixture  and  hydrogen,  respectively.  This  improvement  of  single 
cell  performance  after  consecutive  cycles  of  methane  exposure 
may  be  associated  with  the  formation  of  carbonaceous  deposits 
on  the  anode  surface  providing  additional  electrical  conductiv¬ 
ity  during  the  chemical  process.  It  seems  that  carbonaceous 
deposits  are  formed  in  low  level,  enough  for  enhancing  the  cur¬ 
rent  collection  ability  of  the  anode  but  not  promoting  the  catalytic 


deactivation  on  the  basis  of  long-lasting  performance  of  the  single 
cell. 

The  OCV  for  single  cell  operating  with  humidified  hydrogen 
(Ph2o  =  0.03  atm)  was  1.07  V,  this  value  is  consistent  with  those 
reported  for  YSZ-based  cells  operating  on  FI2  at  this  temperature 
[14].  Flowever,  the  OCV  for  CH4/H2  (80:20)  was  1.0V,  relatively 
lower  than  the  values  that  would  be  predicted  from  the  Nernst 
equation  for  complete  methane  oxidation  at  this  temperature  [15]. 
It  is  well  known  that  information  on  anode  reaction  can  be  obtained 
from  OCV  measurements  but,  unfortunately,  the  OCV  interpre¬ 
tation  under  methane  is  always  more  complicated  because  the 
likelihood  of  alternative  routes  for  methane  oxidation  [15,16]. 
Possible  mechanism  for  the  oxidation  of  methane  in  humidified 
atmospheres  can  be  steam  reforming  (1),  direct  oxidation  (2) 
or  partial  oxidation  (3);  once  carbon  dioxide,  carbon  monoxide, 
hydrogen  and  steam  have  been  produced  then  further  reactions 
(4)  and  (5)  can  occur  in  addition  to  gas  shift  (6)  and  cracking  (7) 
and  (8): 


CH4+H2O 

CO  +  3H2 

(i) 

ch4+4o2- 

^  C02+2H20  +  8e“ 

(2) 

CH4  +  (l/2)02  ->■  CO  +  2H2 

(3) 

h2+o2-^ 

H20  +  2e“ 

(4) 

CO  +  O2-^  C02  +2e~ 

(5) 

CO  +  h2o 

co2  +  h2 

(6) 

ch4^  c  + 

2H2 

(7) 

2CO  ->  C  +  C02 

(8) 

Direct  methane  oxidation  (reaction  (2))  is  theoretically  possible 
using  Cu-ceria  based  anodes  [5]  but,  as  pointed  out  by  Marina  and 
Mogensen  [17]  this  reaction  is  unlikely  to  take  place  in  one  step; 
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Fig.  6.  I-V  and  I-P  curves  of  the  fuel  cell  fuelled  by  humidified  hydrogen,  (a)  Before 
electrode  activation  and  (b)  after  electrode  activation.  Anodic  gas  flow  =  25  ml  min-1 
(b);  40  ml  min-1  (c);  50  ml  min-1  (d). 


Fig.  7.  I-V  (solid)  and  I-P  (hollow)  curves  of  the  fuel  cell  fuelled  by  hydrogen  and 
H2/CH4  mixtures  (4  cycles).  Methane  exposure  time  for  different  cycles:  1st  cycle 
(1  h),  2nd  (1  h),  3rd  (4  h),  4th  (3  h). 
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Fig.  8.  Impedance  spectra  for  MCuCo40/8YSZ/LSM  single  cell  under  humidified 
hydrogen  (3%  H20)  for  electrode  activation  and  gas  flow  variation. 

several  possibilities  exist  and  the  partial  oxidation  is  one  of  them. 
Notice  that,  this  study  has  been  carried  out  using  as  fuel  a  mixture 
of  methane/hydrogen  (80:20)  so  an  important  contribution  of  reac¬ 
tion  (4)  is  expected.  As  it  has  been  mentioned  above  (Section  3.2) 
the  preliminary  catalytic  activity  test  for  methane  oxidation  using 
MCuCo40  as  catalyst  revealed  that  CO  and  H2  were  the  majority 
reaction  products  of  the  process.  Likewise,  C02  and  H20  were  fairly 
detected  in  low  concentration.  The  presence  of  all  these  products 
was  corroborated  by  the  GC  analysis  of  the  effluent  of  the  anode, 
with  single  cell  (2)  running  with  CH4/H2  (80:20)  mixture.  Taking 
into  account  all  these  consideration,  we  suggest  that  the  low  OCV 
for  CH4/H2  mixture  results  from  the  establishment  of  partial  oxida¬ 
tion  products  that  remains  on  anode  surface,  or  nonelectrochemical 
surface  reactions. 

The  variation  of  the  cell  performance  was  explored  in  more 
detail  using  electrochemical  impedance  spectroscopy.  Figs.  8  and  9 
show  the  impedance  spectra  measured  at  open  circuit  voltage  in 
humidified  hydrogen  and  CH4/H2  (80:20)  mixtures  associated  with 
the  IV-curves  in  Figs.  6  and  7.  In  these  spectra,  the  intercepts  with 
the  real  axis  at  low  frequencies  represent  the  total  cell  resistance 
(fit)  and  the  value  of  the  intercept  at  high  frequency  is  the  ohmic 
resistance  ( R0 )  which  includes  ionic  resistance  of  electrolyte,  elec¬ 
tronic  resistance  of  the  electrode  ands  some  contact  resistances 
associated  with  interfaces  [18].  The  width  of  the  impedance  arc  on 
the  real-axis  is  the  interfacial  polarisation  resistance  ( Rp )  that  cor¬ 
responds  to  the  sum  of  the  resistance  of  the  two  interfaces:  the 
cathode-electrolyte  interface  and  the  anode-electrolyte  interface. 
Fig.  8  shows  substantial  changes  in  the  resistance  values  during 
activation  process  in  humidified  hydrogen  under  constant  cur¬ 
rent  demand.  Total  cell  resistance  was  reduced  from  9.88  £2  cm2  to 
2.97  £2  cm2,  notice  that  the  highest  decrease  (70%)  corresponding 
to  the  polarisation  resistance  due  to  the  successful  electrode  acti- 


z '  (Ohm-cm2) 

Fig.  9.  Impedance  spectra  for  MCuCo40/8YSZ/LSM  single  cell  under  humidified 
hydrogen  (3%  H20)  (solid)  and  CH4/H2  (80:20)  (hollow). 


Fig.  10.  The  maximum  power  density  of  the  single  cells  MCu40/8YSZ/LSM  ( 1 )  and 
MCuCo40/8YSZ/LSM  (2)  as  a  function  of  runtime,  under  humidified  hydrogen. 

vation,  whereas,  ohmic  resistance  is  reduced  <0.3  £2  cm2  (Fig.  8a). 
No  significant  variation  was  observed  in  the  cell  resistance  values 
when  different  gas  flows  were  tested  (Fig.  8b). 

Fig.  9  shows  the  impedance  spectra  for  hydrogen  and  methane 
exposure  cycles.  It  can  be  observed  that  cell  resistance  remains 
practically  constant  after  them  given  evidence  of  no  deterioration 
of  the  single  cell  with  fuel  composition  changes.  The  shapes  of 
impedances  spectra  are  similar  running  with  both  fuel  composi¬ 
tions.  The  values  of  cell  resistances  were  similar  for  each  cycle  and 
composition,  minimum  differences  are  observed  between  cycles, 
and  returns  completely  to  its  initial  level  when  methane/hydrogen 
mixture  is  switched  back  to  humidified  FI2.  As  expected,  the  total 
cell  resistance  increases  with  increasing  the  CFI4  content  in  the 
fuel  composition  affecting  in  both  ohmic  resistance  and  interface 
polarisation  resistance. 

The  comparison  of  the  main  results  obtained  for  single  cell  eval¬ 
uation  (Table  1)  allows  to  conclude  the  following  statements.  For 
both  cells,  maximum  power  densities  have  been  achieved  running 
with  humidified  hydrogen.  In  general,  the  partial  substitution  of 
hydrogen  for  methane  in  the  fuel  composition  increases  the  total 
cell  resistance  to  almost  0.9  £2  cm2.  When  operating  on  CH4 :H2 
(80:20),  the  R0  enhances  almost  8%  for  both  single  cells  (1)  and 
(2)  while  the  increase  of  Rp  was  significantly  higher,  around  26  and 
31%,  respectively.  This  increase  cannot  be  due  to  sintering  of  metal 
because  the  high-frequency  intercept  returned  to  its  original  value 
when  H2  was  reintroduced  to  the  cells  (Fig.  9).  It  might  be  due 


Fig.  11.  Cell  voltage  versus  time  for  MCuCo40/8YSZ/LSM  single  cell  (2)  as  a  function 
current  demand  and  changes  in  the  fuel  composition. 
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Fig.  12.  SEM  micrographs  of  a  cross-section  of  the  tested  single  cell,  (a)  Anode;  (b)  anode/electrolyte;  (c)  anode/electrolyte/cathode  and  (d)  EDX  of  anode  section. 


to  the  lower  p02  in  the  anode  when  running  with  H2  compared 
to  hydrocarbon  fuel;  because  the  anode  contained  large  amounts 
of  ceria  which  can  provide  electronic  conductivity  when  reduced, 
we  suggest  that  ceria  within  the  anode  may  be  less  reduced  in  the 
presence  of  methane. 

The  partial  substitution  (20at.%)  of  copper  by  cobalt  in  the 
anode  composition  significantly  improves  the  single  cell  perfor¬ 
mance  running  with  different  fuels  (Table  1).  Maximum  power 
densities  (Pm ax)  undergoes  a  38  and  33%  increases  running  in  H2 
and  CH4/H2  80:20,  respectively.  These  results  are  in  good  con¬ 
cordance  with  catalytic  activity  results  that  demonstrated  higher 
activity  for  methane  oxidation  of  MCuCo40  in  comparison  with 
MCu40  anode.  Independently  of  fuel,  ohmic  resistances  are  lower 
for  single  cell  (2)  with  smaller  electrolyte  thickness.  Besides,  polar¬ 


isation  resistance  are  reduced  with  incorporation  of  cobalt  to 
anode  composition,  this  is  ascribed  to  a  favoured  charge  transfer 
that  increases  the  efficiency  of  the  triple  phase  boundary  (TPB) 
process  [19]. 

Fig.  10  shows  the  result  from  150h  test  of  the  both  cells  (1) 
and  (2)  operating  in  humidified  hydrogen  (3%  H20)  under  current 
demand.  The  maximum  power  density  did  not  change  apparently 
with  runtime,  indicating  that  the  anodes  are  quite  stable  and  have 
no  significant  anode  deterioration.  This  result  is  supported  by  the 
SEM  data  (see  Fig.  12).  Note  that  these  tests  were  performed  after 
testing  the  cell  in  different  fuel  environments  for  lOOh  and  350  h 
for  single  cell  (1)  and  (2),  respectively,  all  of  which  had  no  effect 
on  the  cell  performance.  Anode  including  cobalt  in  its  composition 
allows  to  achieve  a  maximum  power  density  of  100  mW  cm-2  at  a 
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current  density  of  1 82  mA  cm-2  for  single  cell  (2),  nearly  twice  than 
that  achieved  with  Cu-only  cell,  single  cell  (1). 

The  operation  of  both  single  cells  running  exclusively  with  pure 
methane  as  fuel  was  not  able;  a  rapid  and  constant  decrease  of  cell 
power  was  observed.  Fig.  1 1  comparatively  shows  the  cell  voltage 
for  MCuCo40/8YSZ/LSM  single  cell  (2)  at  different  current  demand 
versus  time  in  hydrogen,  CH4/H2  80:20  mixture  and  methane.  As 
shown  in  Fig.  11,  single  cell  operation  under  humidified  hydrogen 
was  stable  with  time  and  current  demand.  The  stability  in  CH4/H2 
(80:20)  mixture  was  excellent  as  long  as  a  cell  current  density  was 
maintained  below  50  mA cm-2.  It  was  only  at  current  density  of 
60  mA  cm-2  that  voltage  decreased  gradually  over  time.  Thus,  the 
critical  current  density  to  ensure  a  lasting  cell  performance  was 
between  0  and  50  mAcm-2,  at  this  temperature  and  fuel  composi¬ 
tion.  More  critical  was  the  result  for  single  cell  running  with  pure 
methane.  At  open  circuit,  the  cell  voltage  slightly  decreased  over 
time  but  when  different  current  demands  were  applied  it  decayed 
significantly.  An  analysis  of  I-V  curves  for  single  cell  operation  in 
methane  (data  not  shown)  revealed  a  lost  of  linearity  at  higher 
current,  increasing  the  slope,  that  suggests  an  increased  electrode 
concentration  polarisation.  This  phenomenon  can  be  also  detected 
when  single  cell  operates  on  CH4/H2  (80:20)  mixture  (Fig.  7,  -C 
plots),  although  to  a  lower  extent. 

3.4.  Structural  single  cell  characterisation 

Fig.  12  illustrates  the  cross-sectional  SEM  micrographs  of  the 
MCuCo40/8YSZ/LSM  (2)  after  single  cell  evaluation.  They  were 
obtained  by  fracturing  the  cell,  setting  it  in  resin  and  polishing  the 
exposed  cross-sectional  surface. 

The  8YSZ  electrolyte  film  was  essentially  dense,  with  a  continu¬ 
ous  and  crack  free  surface  morphology  and  no  pinholes.  Electrodes 
are  well-adhered  to  the  electrolyte  and  present  high  interfacial 
connectivity.  Anode  exhibits  a  homogeneous  porous  microstruc¬ 
ture  that  remains  unaltered  after  operation  with  hydrogen  and 
methane. 

For  determining  the  components  of  the  anode  section  EDX  anal¬ 
ysis  was  performed  (Fig.  12d).  The  presence  of  characteristic  Ka 
peak  of  carbon  at  0.28  keV  gives  evidence  of  the  formation  of  car¬ 
bon  deposits  on  the  anode  surface  after  cell  operation.  It  should  be 
noted  that  the  presence  of  cobalt  (utilisation  of  MCuCo40  anode) 
reduce  the  carbon  deposition  in  comparison  with  Cu-ceria  anode 
(MCu40)  based  on  the  catalytic  activity  measurements  carried  out. 

4.  Conclusions 

Anode  based  on  Cu-Co  bimetallic  doped  ceria  exhibits  good 
stability  for  running  at  relative  low  temperature  (750  °C)  under 


hydrogen  and  hydrocarbon  fuels.  The  comparison  of  performance 
results  for  two  similar  single  cells,  based  on  8YSZ  electrolyte,  LSM 
cathode  and  including  bimetallic  Cu-Co  or  monometallic  Cu-doped 
ceria  as  anode  revealed  that  the  substitution  of  20  at.%  of  copper 
for  cobalt  in  the  anode  composition  allows  to  achieve  higher  sta¬ 
bility  against  carbon  formation  with  utilisation  of  methane  as  fuel 
and  improved  performance  compared  to  Cu-only  cell.  Bimetallic 
Cu-Co  anode  showed  higher  catalytic  activity  for  methane  oxida¬ 
tion  and  favoured  charge  transfer  on  the  triple  phase  boundary 
(TPB). 

Note  that  the  ohmic  resistances  ( R0 )  are  responsible  for 
45-40%  of  total  cell  resistance  running  with  both  hydrogen  and 
methane/hydrogen  (80:20)  respectively.  This  result  suggests  that 
a  reduction  in  the  electrolyte  thickness  together  with  the  use  of 
ceria-based  electrolytes,  with  higher  ionic  conductivity  at  this  rel¬ 
ative  low  temperature,  would  produce  a  significant  increase  in  the 
overall  cell  performance. 
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